This paper deals with the development of a fault-free model of the pneumatic subsystem of an air brake system used in commercial vehicles. Our objective is to use this model in brake control and diagnostic applications. The development of a diagnostic system would be useful in automating enforcement inspections and also in monitoring the condition of the brake system in real-time. This paper presents a detailed description of the development of this model and of the experimental setup used to corroborate this model for various realistic test runs.
Introduction
The brake system is one of the critical components in ensuring the safety of any vehicle on the road. Most tractor-trailer vehicles with a gross vehicle weight rating over 19,M)O Ib, most single trucks with a gross vehicle weight rating over 31,000 Ib, most transit and inter-city buses, and about half of all school buses are equipped with air brake systems [ 
121.
More than 85% of the commercial vehicles operating in the United States use S-cam drum foundation brakes in their air brake system [12]. The performance of air brake systems used in commercial vehicles is very sensitive to maintenance procedures such as adjustment of push rod stroke, brake lining replacement, etc. [8] . Malfunctioning brakes are one of the leading mechanical causes of accidents in commercial vehicles. In 1999, among fatal crashes that involved mechanical conditions as a cause, 28.3% were attributed to defects in the brake system [ 1 I].
Inspection techniques that are used for monitoring the brake system in commercial vehicles can be broadly classified into two categories -visual inspections and performance-based inspections 191. Visual inspections involve the measurement of the push rod stroke and the thickness of the brake pad lining and checking the brake lines for wear and leaks. Visual inspections are subjective, time and labor intensive and are inconvenient on vehicles with low ground clearance. Performance-based inspections include the measurement of braking force and torque, vehicle deceleration, stopping distance, brake pad temperature etc. Such inspections are more objective and offer a more effective assessment of the con-0-7803-7896-2/03/$17.00 02003 IEEE 1416 dition of the air brake system. The most important difference between hydraulic and air brake systems is the mode of operation -in a hydraulic brake system, the pedal force applied by the driver (augmented usually by a vacuum booster) is transmitted through the brake Huid resulting in the application of the foundation brakes on the wheels, whereas, in an air brake system, the application of the treadle valve regulates the air supply from a supply reservoir to the brake chamber. As a result, very little sensory feedback is available to the driver of a commercial vehicle when compared to a vehicle with a hydraulic brake system. The hydraulic brake system has been extensively studied and models for the system have been developed by many authors. Gerdes et al.
[3] developed a model for a hydraulic brake system with a vacuum booster. Khan et al. [41 used bond graph techniques to develop models for the booster, the master cylinder and the wheel cylinder.
Our long-term aim is to develop an on-board, model-based, performance-based diagnostic tool that can be used in inspecting the air brake system. Such a diagnostic tool can frequently update the driver on the performance of the brake system during travel. With recent advancements in communication technology, it is also possible to transfer the diagnostic information remotely to the roadside inspection teams which will reduce the inspection time significantly. This is desirable since, according to [6] , the average time required for a typical roadside inspection is around 30 minutes, with approximately half of the time spent on brakes. The first step in the development of such a diagnostic tool is the development of a fault-free model of the air brake system.
A model for the pneumatic subsystem must be able to predict the pressure transients in the brake chamber as a function of the supply pressure from the reservoir and the pedal force applied by the driver. More recently, Acarman et al. [I 1 suggested a model to predict the growth of air pressure in the brake chamber of a brake system equipped with an Antilock Braking System (ABS). They used orifice How equations to model the dynamics of air How and included the dynamics of a modulator located downstream from the treadle valve, Our aim is to develop a model that can predict the pressure transients over a wide range of supply pressures and also at partial brake applications. Such a model is highly desirable since, according to 171, almost 97% of typical service brake applications in commercial vehicles are made below 30 psig. The dynamics of the treadle valve is incorporated into the model and the treadle valve is treated as a nozzle. The reason behind this choice is explained in [IO] .
We have made certain assumptions in the development of the model. We have adopted a lumped parameter approach in modeling both the mechanical components of the valve and the flow of air in the system. We have neglected the viscosity of air and assumed it behaves like an ideal gas. The expansion process in the valve is assumed to be isentropic and a coefficient of discharge used to account for the losses during expansion. We also assume the flow from the valve to the brake chamber to be adiabatic. All the above assumptions are approximations to the real process and the choice of these approximations is supported by the fact that the results from the model developed under these assumptions agree well with the experimental data as will be seen later in section (4.3).
An Overview of the Air Brake System
The air brake system used in commercial vehicles is made up of two subsystems -the pneumatic subsystem and the mechanical subsystem (see Figure 1 ). The pneumatic subsystem includes the compressor, the storage reservoirs, the brake lines, the treadle valve and terminates at the brake chamber. The compressor charges up the storage reservoirs and the application of the treadle valve modulates the amount of air provided to the brake chambersthrough two circuits -the primary circuit and the secondary circuit. The advantage of such an.arrangement is that partial braking is possible in the case of failure of one of the two circuits. The ,nwr PrnUdD" FlgUre 1: A general layout of the air brakc system in trucks mechanical subsystem, illustrated in Figure 2 , starts from the brake chamber and includes the push rod, the slack adjuster, the S-cam and the brake pads. Compressed air acts on the brake chamber diaphragm providing a mechanical force that is transmitted to the brake pads through the push rod and the S-cam. 
The Experimental Setup
The experimental test bench at Texas A&M University is essentially the front axle of a tractor. Compressed air is supplied by a compressor and a pressure regulator is used to modulate the pressure ofthe air being supplied to the treadle valve. Figure 3 shows a schematic of the experimental setup. The treadle valve used is the E-7 dual circuit valve mannfactured by Allied SignalslBendix (see Figure 4) . The primary circuit is actuated by the pedal force and the secondary circuit acts essentially as a relay valve. A detailed description of the operation of the treadle valve can be found in [lo]: The compressed air from the treadle valve is supplied to the brake chamber through brake hoses. A pneumatic actuator is used to apply the treadle valve. 
Modeling the air brake system
We adopted a lumped parameter approach in modeling the pneumatic subsystem of the air brake system. A model for the pneumatic subsystem of the air brake system must take into consideration the dynamics of the treadle valve and the flow of air in the system. A sectional view of the the E-7 dual circuit valve is shown in Figure 4 . We will now derive the equations of motion of the components of the treadle valve. Let F, denote the force input to the valve plunger. Since the sliding surfaces in the treadle valve are well lubricated, frictional effects are neglected. The springs in the treadle valve were tested and found to he linear in the range of their operation. The spring constants and the initial preloads on the springs were measured and used in the model. Geometric parameters such as areas, initial detlections, etc. were also measured and used in the following equations.
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The Primary Circuit
We model the primary circuit for its different phases of operation. We present a summary of the equations and a detailed derivation can be found in [lo] .
The equation of motion of the primary circuit during the apply and the hold phases can be written as,
where M,, and Mpv are the masses of the primary piston and primary valve assembly gasket respectively, Fpp and Fpv are the net pressure forces acting on the primary piston and primary valve assembly gasket respectively and F&" is the reaction force applied by the relay piston stem on the primary piston. The three stages of operation of the primary circuit can he described by the following relations:
Apply Phase
x p p = xpt (3) X P P < X P l This equation is used with equation (17). which will be derived in section (4.2), to obtain the response of the primary circuit to various pedal inputs. In the above equation. Pp. and Ppd are the primary supply and delivery pressures respectively, A,, is the net area of the primary piston exposed to the delivered pressurized air, A,, and A,,, are the net cross-sectional areas of the primary valve assembly gasket exposed to the pressurized air at the supply and delivery chambers respectively and Po,,,, is the atmospheric pressure.
The two constants F, and KZ are given by, We follow a similar procedure to derive the governing equations of motion during the exhaust phase of the primary circuit and during the apply and exhaust phases of the secondary circuit. Details of these equations can be found in (101.
Modeling the Fluid Flow
We idealize the treadle valve as a nozzle. We assume the flow through this idealized valve to be one-dimensional and isentropic. Further, we assume the fluid properties to be uniform at all sections in the nozzle. We assume air to behave like an ideal gas. Figure 5 shows the simplified pneumatic system under the above assumptions. The energy equation for isentropic flow of air through the nozzle under the above assumptions can be written as (51, (9) h + -U* = h, where h, is the specific stagnation enthalpy at the entrance section of the nozzle, h is the specific static enthalpy at the exit section of the nozzle and U is the velocity of air at the exit section of the nozzle. Under the above assumptions, the velocity U can he written as, 
where P is the local static pressure, Po and p,, are the stagnation pressure and density of the air in the reservoir respectively and y is the ratio of the specific heats of air. We have included a discharge coefficient CD in order to compensate for the losses during the flow. Due to the complexity involved in calibrating the valve to determine the value of the discharge coefficient, we assumed a value of 0.82 for CO as recommended in [ 2 ] . Also, we introduce the signum function so that the direction of the flow is incorporated.
Next, we choose the brake chamber and the air hose as the control volume under consideration. We assume all fluid properties in the control volume to be uniform at any instant of time. We assume frictional losses in the hose to be negligible. The Mach number of the flow in the hose was measured at the entrance of the brake chamber. For various test runs, the value of the Mach number was found not to exceed 0.2. Hence, we can neglect the effects of compressibility of air for the flow through the hose 1131. Applying mass balance to the control volume (see figure 6) . we obtain,
where nib is the rate of change of the mass of air in the control volume, p is the density of air inside the control volume at any instant of time, and A, is the cross-sectional area of the valve opening. where V,, is the initial volume of air in the control volume before the application of the brake, Vo? is the maximum volume of air in the control volume, A b is the cross-sectional area of the brake chamber, xb is the stroke of the brake chamber diaphragm, i.e., the stroke of the push rod, xbmw is the maximum stroke of the push r d a n d P, is the minimum pressure required to start the motion of the push rod.
I
* n w Let us now consider the dynamics of the brake chamber (refer to Figure 6 ). The equation of motion of the brake chamber diaphragm can be written as (we neglect any friction in the brake chamber),
where Mb is the mass of the brake chamber diaphragm, Kb is the spring constant of the brake chamber return spring and &bi is the pre-load in the brake chamber diaphragm return spring. Neglecting the inertia of the brake chamber diaphragm, and using (15) and (14) in equation ( 
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of the apply phase, f b = farm. At each time step during the apply phase, the value of the pressure obtained from this equation is used to determine the stage of operation of the primary circuit through equation (6) . A similar procedure can be followed for obtaining the governing equations during the exhaust phase.
Corroboration of the Model
In this section, we corroborate the model for the operation of the primary circuit. Equation (17) was solved numerically using the fourth order Runge-Kutta method. Experiments were conducted at various supply pressures and equation (6) was used to determine the start and the termination of the simulation. The parameters used in the simulation were measured and the values of the parameters are tabulated in [IO] . Figure 7 shows the result for the apply phase Figure 8 shows the result for a complete cycle of brake application and Figure 9 illustrates the results obtained for repeated applications of the brake. Results from additional test runs can be found in [lo] .
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Concluding Remarks and Future Work
From the above figures, it can be seen that the model was able IO predict the beginning and the end of each brake application accurately. The steady state values are also accurately predicted by the model in all the cases. We observe that the model responded well to various supply pressures. The model also predicted the start and the termination of the exhaust phase accurately as was evident from Figure 8 . Figure 9 demonstrated that the model responds well to periodic applications of the brake pedal.
With this model of the pneumatic subsystem of the air brake system, we are currently working towards estimating the stroke of the push rod. An estimation scheme is being developed that will estimate the push rod stroke from measurements of the pedal displacement and pedal force. Experiments are being performed to measure the push rod stroke during the brake application and the results from the estimation scheme would be corroborated with these measurements.
